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EARLY SOLAR SYSTEM
Stellar origin of the 182 Hf cosmochronometer and the presolar history of solar system matter Maria Lugaro, 1 * Alexander Heger, 1,2,3 Dean Osrin, 1 Stephane Goriely, 4 Kai Zuber, 5 Amanda I. Karakas, 6, 7 Brad K. Gibson, 8, 9, 10 Carolyn L. Doherty, 1 John C. Lattanzio, 1 Ulrich Ott 11 Among the short-lived radioactive nuclei inferred to be present in the early solar system via meteoritic analyses, there are several heavier than iron whose stellar origin has been poorly understood. In particular, the abundances inferred for 182 Hf (half-life = 8.9 million years) and 129 I (half-life = 15.7 million years) are in disagreement with each other if both nuclei are produced by the rapid neutron-capture process. Here, we demonstrate that contrary to previous assumption, the slow neutron-capture process in asymptotic giant branch stars produces 182 Hf. This has allowed us to date the last rapid and slow neutron-capture events that contaminated the solar system material at ∼100 million years and ∼30 million years, respectively, before the formation of the Sun. R adioactivity is a powerful clock for the measurement of cosmic times. It has provided us the age of Earth (1) , the ages of old stars in the halo of our Galaxy (2) , the age of the solar system (3, 4) , and a detailed chro-nometry of planetary growth in the early solar system (5) . The exploitation of radioactivity to measure time scales related to the presolar history of the solar system material, however, so far has been hindered by our poor knowledge of how radioactive nuclei are produced by stars. Of particular interest are three radioactive isotopes heavier than iron: 107 Pd, 129 I, and 182 Hf, with halflives of 6.5 million years (My), 15.7 My, and 8.9 My, respectively, and initial abundances (relative to a stable isotope of the same element) in the early solar system of 107 Pd/ 108 Pd = 5.9 T 2.2 × 10 −5 (6), 129 I/ 127 I = 1.19 T 0.20 × 10 −4 (7) , and 182 Hf/ 180 Hf = 9.72 T 0.44 × 10 −5 (8) . The current paradigm is that 129 I and 182 Hf are mostly produced by rapid neutron captures (the r process), in which the neutron density is relatively high (>10 20 cm −3 ), resulting in much shorter time scales for neutron capture than for b-decay (9) . The r process is believed to occur in neutron star mergers or peculiar supernova environments (10, 11) . In addition to the r process, 107 Pd is also produced by slow neutron captures (the s process), in which the neutron density is relatively low (<10 13 cm −3 ), resulting in shorter time scales for b-decay than for neutron capture, the details depending on the b-decay rate of each unstable isotope and the local neutron density (9) . The main site of production of the s process elements from Sr to Pb in the Galaxy is in asymptotic giant branch (AGB) stars (12) , the final evolutionary phase of stars with initial mass lower than ∼10 solar masses (M ⊙ ). Models of the s process in AGB stars have predicted marginal production of 182 Hf (13) because the b-decay rate of the unstable isotope 181 Hf at stellar temperatures was estimated to be much faster (14) than the rate of neutron capture leading to the production of 182 Hf (Fig. 1 ).
Uniform production of 182 Hf and 129 I by the r process in the Galaxy, however, cannot selfconsistently explain their meteoritic abundances (15) (16) (17) . The simplest equation for uniform production (UP) of the abundance of a radioactive isotope in the Galaxy, relative to a stable isotope of the same element produced by the same process, is given by
where N radio and N stable are the abundances of the radioactive and stable isotopes, respectively; P radio /P stable is the ratio of their stellar production rates; t is the mean lifetime of the radioactive isotope; and T ∼ 10 10 years is the time scale of the evolution of the Galaxy. Some time during its presolar history, the solar system matter became isolated from the interstellar medium characterized by UP abundance ratios. Assuming that both 129 I and 182 Hf are primarily produced by the r process, one obtains inconsistent isolation times using 129 I/ 127 I or 182 Hf/ 180 Hf: 72 My or 15 My, respectively, before the solar system formation (17) . This conundrum led Wasserburg et al. (15) to hypothesize the existence of two types of r process events. Another proposed solution is that the 107 Pd, 129 I, and 182 Hf present in the early solar system were produced by the neutron burst that occurs during core-collapse supernovae (18) (19) (20) . This does not result in elemental production, but the relative isotopic abundances of each element are strongly modified because of relatively high neutron densities with values between those of the s and r processes. We have updated model predictions of the production of 182 Hf and other short-lived radioactive nuclei in stars of initial masses between 1.25 and 25 M ⊙ (table S1). Stars of initial mass up to 8.5 M ⊙ evolve onto the AGB phase and have been computed by using the Monash code (21) (22) (23) (24) . Stars of higher mass evolve into core-collapse supernovae and have been computed by using the KEPLER code (25, 26) . The estimates of b-decay rates by Takahashi and Yokoi (14) were based on nuclear-level information from the Table of Isotopes (ToI) database, which included states for 181 Hf at 68, 170, and 298 keV. The 68-keV level was found to be responsible for a strong enhancement of the b-decay rate of 181 Hf at s process temperatures, preventing the production of 182 Hf during the s process ( Fig. 1 ). More recent experimental evaluations (27) , however, did not find any evidence for the existence of these states. Removing them from the computation of the half-life of 181 Hf in stellar conditions results in values compatible with no temperature dependence for this isotope ( fig.  S2 ), within the uncertainties.
The removal of the temperature dependence of the b-decay rate of 181 Hf resulted in an increase by a factor of 4 to 6 of the 182 Hf abundance predicted by the AGB s process models. The effect was milder on the predictions from the supernova neutron burst, with increases between 7% for the 15 M ⊙ model and up to a factor of 2.6 for the 25 M ⊙ model. Some production of 182 Hf, as well as of 129 I and 107 Pd, is achieved in all the models, with 182 Hf/ 180 Hf ranging from ∼0.001 to ∼0.3 (Fig. 2) . In terms of the absolute 182 Hf abundance, however, only AGB models of mass ∼2 to 4 M ⊙ are major producers of s process 182 Hf in the Galaxy, owing to the combined effect of the 13 C(a,n) 16 O and the 22 Ne(a,n) 25 Mg neutron sources (20, 22) . Only in these stars is the production factor of the stable 180 Hf with respect to its solar value well above unity.
When using Eq. 1 with the updated s+r production rate ratio for 182 Hf/ 180 Hf, we still have the problem that the time of isolation of the solar system material from the average interstellar medium is much shorter than the value obtained by using 129 I/ 127 I (Table 1) . For the nuclei under consideration, however, it is likely that their mean lifetimes are smaller or similar to the recurrence time, d, between the events that produce them. In this case, the granularity of the production events controls the abundances, and the correct scaling factor for the production ratio is the number of events, T/d. Because the cosmic abundances of these nuclei result from two different types of sources, the r process and the s process, it necessarily follows that the precursor material of the solar system must have seen a last event (LE) of each type-a r process LE and a s process LE. After each of these LEs, the abundance of a radioactive isotope in the Galaxy, relative to a stable isotope of the same element produced by the same process, is given by
where p radio /p stable are the production ratio of each single stellar event; the second term of the sum accounts for the memory of all the previous events (16) . Using simple considerations on the expansion of stellar ejecta into the interstellar medium and the resulting contamination of the Galactic disk (18), one can derive d ∼ 10 My for supernovae and ∼50 My for AGB stars in the mass range of 2 to 4 M ⊙ . Because these values are first approximations, and because the r process probably does not occur in every supernova, in Table 1 we present the results obtained using d = 10 My to 100 My. The time of the r process LE as derived from 129 I/ 127 I is 80 My to 109 My (Table 1) , which is in agreement (within the uncertainties) with the 95 My to 123 My values derived from the early solar system 247 Cm/ 235 U ratio, which can only be produced by the r process and whose initial abundance needs confirmation. This r process LE time is in strong disagreement with the r process LE times derived from 107 Pd/ 108 Pd and 182 Hf/ 180 Hf, which should be considered upper limits, given that the abundances of 108 Pd and 180 Hf have an important (70 to 80%) s process contribution that is not accounted for when considering r process events only. A natural explanation is to invoke a separate s process LE for 107 Pd and 182 Hf. When calculating the time of this event under the approximation that the stable reference isotopes 108 Pd and 180 Hf are of s process origin, which is correct within 30%, we derive concordant times from 107 Pd and 182 Hf of ∼10 My to 30 My (Table 1) . Our derived timeline for the solar system formation is schematically drawn in Fig. 3 .
Our timing of the s process LE that contributed the final addition of elements heavier than Fe to the precursor material of the solar system has implications for our understanding of the events that led to the formation of the Sun. This is because it provides us with an upper limit of the time before the solar system formation when the precursor material of the solar system became isolated from the ongoing chemical Hf in the s process neutron-capture isotopic chain. The probability of 181 Hf to capture a neutron to produce 182 Hf is >50% for neutron densities >4 × 10 9 cm −3 or >10 11 cm −3 , using a b-decay rate of 42.5 days (terrestrial) or of 30 hours at 300 million K (14), respectively. Table 1 . Production ratios and inferred time scales. P radio /P stable are the ratios of the stellar production rates (s+r processes), and p radio /p stable are the production ratios of each single stellar event (s or r process, as indicated). The UP and LE ratios are calculated by using Eq. 1 and Eq. 2, respectively. For 247 Cm/ 235 U in Eq. 1, T is substituted with the mean lifetime of 235 U (t = 1020 My), and in Eq. 2, d/T is removed and p radio /p stable is multiplied by the ratio of the summation terms derived for 247 Cm and for 235 U.The UP and LE times are the time intervals required to obtain the initial solar system ratio starting from the UP and LE ratios, respectively. For the initial 247 Cm/ 235 U, we assume the average of the range (1.1 − 2.4) × 10 −4 given by (33) . Meteoritic and nuclear uncertainties result in error bars on the reported times of the order of 10 My (20 (28) . In this context, other radioactive nuclei in the early solar system of possible stellar origin (table S2) , such as 26 Al, probably result from self-pollution of the star-forming region itself (20, (29) (30) (31) . This is not possible for the radioactive nuclei of s process origin considered here because their ∼3 M ⊙ parent stars live too long (∼400 My) to evolve within star-forming regions. Our present scenario implies that the origin of 26 Al and 182 Hf in the early solar system was decoupled, which is in agreement with recent meteoritic analysis that has demonstrated the presence of 182 Hf in an early solar system solid that did not contain 26 Al (32). The production ratios of the radioactive isotopes of interest with respect to the stable reference isotope of the same element. (B) The production factors with respect to the initial solar composition of each stable reference isotope. Stars below 10 M ⊙ evolve through the AGB phase and associated s process, whereas stars above 10 M ⊙ evolve through a core-collapse supernova and associated neutron burst. All the models were calculated by using no temperature dependence for the half-life of 181 Hf and with initial solar abundances updated from (34), corresponding to a metallicity 0.014. Spin-polarized scanning tunneling microscopy (SP-STM) has been used extensively to study magnetic properties of nanostructures. Using SP-STM to visualize magnetic order in strongly correlated materials on an atomic scale is highly desirable, but challenging. We achieved this goal in iron tellurium (Fe 1+y Te), the nonsuperconducting parent compound of the iron chalcogenides, by using a STM tip with a magnetic cluster at its apex. Our images of the magnetic structure reveal that the magnetic order in the monoclinic phase is a unidirectional stripe order; in the orthorhombic phase at higher excess iron concentration (y > 0.12), a transition to a phase with coexisting magnetic orders in both directions is observed. It may be possible to generalize the technique to other high-temperature superconductor families, such as the cuprates. I n many strongly correlated high-temperature superconductors (HTSCs), the nonsuperconducting parent compound is in an antiferromagnetically ordered state, which becomes superconducting upon chemical doping. This is true for most of the iron-based HTSCs (1-3) and for copper oxide-based materials (4) . Establishing the relation between magnetic order and superconductivity is thought to be key to understanding the physics of these materials. Magnetic order in strongly correlated electron materials is usually observed by means of neutron scattering. Realspace imaging of magnetic order is possible in principle with spin-polarized scanning tunneling microscopy (SP-STM), which has been used exten-sively to study magnetic properties of thin films, nanostructures, and magnetic clusters (5) (6) (7) . Yet, application to strongly correlated electron systems has remained scarce (7) . The experimental challenge lies in identifying a suitable procedure for preparing a STM tip that yields magnetic contrast.
Iron tellurium (Fe 1+y Te) is the nonsuperconducting parent compound of the iron chalcogenide superconductors, in which superconductivity is induced by the substitution of Te with Se (8). The parent compound exhibits a bicollinear stripe magnetic order with a wave vector (1/2, 0, 1/2) [defined in the two iron unit cell ( Fig. 1A) ] (9) (10) (11) . The magnetic order sets in at a temperature of~60 to 70 K, accompanied by a structural phase transition, with the structure changing from tetragonal to monoclinic. With increasing concentration y of excess iron, the transition temperature is reduced, and the magnetic and structural transitions are separated (12, 13) . At excess iron concentrations of y > 0.12, the crystal structure becomes orthorhombic (13) , and the magnetic order becomes incommensurate with the lattice (11) . The magnetic structure is distinct from the one found in the parent compounds of the iron-pnictide superconductors. The absence of nesting at the wave vector of the magnetic order suggests that local moments and their interactions are important.
Density functional theory (DFT) calculations reproduce the magnetic structure at y = 0 (14, 15) . Several microscopic Heisenberg models have been proposed to describe the magnetic order in the FeTe plane and the spin excitations (15) (16) (17) (18) (19) , but mapping onto a Heisenberg model remains controversial (20) .
Because of their layered structure, electronic properties and magnetism in iron-pnictides and -chalcogenides are quasi-two-dimensional (3), making them ideally suited for a study by means of SP-STM. The magnetic interactions in Fe 1+y Te are predominantly two-dimensional within the FeTe-plane; hence, we consider in the following only the in-plane component of the magnetic order.
Here, we report an investigation by means of SP-STM of the real-space magnetic structure at the atomic scale of Fe 1+y Te. Our STM data were obtained with a tip that has a magnetic cluster at its apex ( Fig. 1B) [(21), section S1B]. In a topographic image of the sample surface obtained with a tip that does not yield magnetic contrast (Fig. 1C) , the square lattice can be identified from its lattice constant as the top-layer tellurium atoms. Excess iron atoms at the surface show up as bright protrusions (22) (23) (24) . The Fourier transform of the topography clearly shows the peaks associated with the tellurium lattice at the surface. The two nonequivalent spots at q a Te ¼ ðT1; 0Þ and q b Te ¼ ð0; T1Þ have noticeably different intensities. A topographic image obtained with a tip that yields magnetic contrast for the same area as in Fig. 1C is shown in Fig. 1D . It shows clear stripelike patterns superimposed to the atomic lattice. The stripes result from spin-polarized tunneling into regions with a spin-polarization parallel or antiparallel to that of the tip, imaged higher or lower, respectively. The unidirectional modulation has two major components in the Fourier transform: The first is a pair of distinct peaks at wave vectors q AFM = (T1/2, 0); the second, which is also seen with a nonmagnetic tip, at q CDW = (T1, 0) coincides with the atomic peak of the tellurium lattice. Antiferromagnetic or spin density wave (SDW) order is expected to be accompanied by a charge density wave (CDW) (25, 26) with twice the wave vector of the magnetic order (q CDW + 2q AFM ), which is consistent with our data. A superposition of a sketch of the magnetic structure with a topographic image is shown in Fig. 1E .
